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The often time-consuming and challenging multi-step synthesis
of ligands for metal-organic cages is a limiting factor for the
discovery and application of new cages. We report a highly
efficient copper-free one-pot Sonogashira-type coupling for the
preparation of symmetric diarylalkyne ligands on both a small
and large scale; bipyridine- and benzimidazole-based ligands
for the self-assembly of Co4L6 cages were synthesized in short
reaction times and high isolated yields directly from aryl halide
precursors. This one-pot method reduces the synthetic burden
of ligand synthesis and will facilitate the preparation of ligands
with additional functionality for applications of their corre-
sponding cages.
Introduction
Palladium-catalyzed cross-coupling reactions are powerful syn-
thetic methods for carbon  carbon bond formation in modern
organic chemistry.[1] In particular, Sonogashira cross-coupling
reactions[2] have been used extensively for the synthesis of
diarylalkynes in natural products,[3] conjugated oligomers/
polymers in materials science[4] and ligands/building blocks[5] in
coordination chemistry and supramolecular chemistry due to
their typically high yields and tolerance of a wide range of
functional groups.
Symmetric diarylalkynes find application in diverse fields
since they are precursors in the synthesis of hexaarylbenzene
derivatives,[6] building blocks for light-emitting materials,[7] and
inorganic heterocycles[8] as well as building blocks in
supramolecular architectures.[5b,c,f] However, their preparation is
typically a multi-step synthesis (black route, Scheme 1), often
involving long reaction times and multiple purification steps,
resulting in overall lower yields and making scale-up for
applications difficult.[7] Glaser coupling[9] can also take place in
the presence of the copper co-catalyst with traces of oxygen,
leading to side-product formation[2a,10] and difficult purifications.
As a result, one-pot cross-coupling methods using a variety of
acetylene sources (e.g. gaseous acetylene,[11] calcium carbide,[12]
propiolic acid[13] and silyl-protected alkynes[14]) as well as
copper-free Sonogashira-type couplings[12–13,14b,15] (e. g. replacing
the copper co-catalyst and amine with tetrabutylammonium
fluoride (TBAF)[15a,b]) have been developed to overcome these
problems, respectively.
Ligand synthesis is a bottleneck for the self-assembly and
application of metal-organic cages[5g–m] due to multi-step
syntheses and challenging purifications. Diarylalkyne-based
ligands are appealing given their potential synthesis via a one-
pot procedure and further functionalisation via the alkyne
functionality, e.g. through post-assembly modification.[5c] How-
ever, most one-pot Sonogashira couplings have been reported
for symmetric carbocyclic rather than heterocyclic diarylalkynes
with limited examples including those based on
thiophene[11–12,14b,c] and pyridine[12,14] derivatives.
We report the efficient synthesis of symmetric diarylalkyne
ligands 1a–c and 2b–c for metal-organic cages 3a–c and 4a–b
(Figure 1) via a copper-free one-pot procedure using trimeth-
ylsilylacetylene as the acetylene source and TBAF functioning as
a base, activator, and deprotection reagent (blue route,
Scheme 1). In addition to significantly reducing the synthetic
burden from a 3 step synthesis with a long overall reaction time
to a single 3-hour step, the ligands were prepared in high
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Scheme 1. Multi-step synthesis of diarylacetylenes via sequential Sonoga-
shira cross-coupling reactions (black) and the copper-free one-pot Sonoga-
shira method (blue) in this work.
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isolated yields (32–92%) for a one-pot procedure. The proof-of-
principle for large-scale ligand synthesis was also demonstrated.
Thus, this method enables rapid access to ligands for metal-
organic cages from suitable aryl halide building blocks and this
will facilitate the discovery of new cages as well as the
translation of cages to applications.
Results and Discussion
We recently reported that the synthesis of ligand 1a[16] could be
reduced from three to two steps using TBAF for the in situ
deprotection of the TMS-protected alkyne (first step in black
route, Scheme 2).[5f] However, the Glaser by-product was also
obtained in the final Sonogashira coupling using copper(I)
iodide in some instances. Mori[15a] and Li[15b] reported copper-
and amine-free Sonogashira couplings between terminal
alkynes and aryl halides, including aryl chlorides, with short
reaction times and good to excellent yields using TBAF as an
activator. It is proposed that the TBAF activates and stabilizes
the Pd(0) species, deprotonates the alkyne, and acts as a phase-
transfer catalyst.[15b] Therefore, we envisaged TBAF could play
the role of not only a deprotection reagent but also an activator
and base in a one-pot procedure while preventing the
formation of Glaser by-products.
Firstly, we investigated the applicability of the Sonogashira-
type coupling using TBAF to heterocyclic diarylalkynes by
reacting 5a with 6[5f] (second step in black route, Scheme 2).
The previously reported Sonogashira coupling[5f] reaction con-
ditions for 1a were initially adapted replacing the copper(I)
iodide and amine with a commercially available TBAF solution
in THF. Since this would function as both a reagent and solvent,
an excess of TBAF was used compared to the previously
reported methods of Mori[15a] and Li[15b] to ensure both sufficient
TBAF was present for its multiple roles in the reaction and a
suitable reaction volume. Ligand 1a was obtained with full
conversion of 5a within a shorter reaction time of 3 hours in
55% isolated yield following column chromatography. Taking
into account the 63% yield for the synthesis of 6,[5f] the overall
yield of ligand 1a from 5a via the two sequential cross-
couplings is 35% (Scheme 2).
Having demonstrated that TBAF functions in both the
deprotection and Sonogashira-type steps (black route,
Scheme 2), the one-pot synthesis of ligand 1a was carried out
under analogous conditions, using 1 eq. of 5a and 0.5 eq. of
TMSA (blue route, Scheme 2). Ligand 1a was isolated in 40%
yield and 12% of the starting material 5a was also recovered
(Table 1, entry 1). This with the observation of intense gas
release upon addition of TBAF suggested immediate depro-
tection of TMSA’s silyl protecting group, resulting in the release
of gaseous acetylene. While no starting material was recovered
upon increasing the TMSA to 1 eq., a similar yield was obtained
(Table 1, entry 2).
The reaction vessel was then changed to a pressure tube to
investigate if acetylene loss over the course of the reaction was
significant. While the yield did not improve with a stoichiomet-
ric amount of TMSA (Table 1, entry 3), the yield could be
improved to 53% by using an excess of TMSA (Table 1, entry 4).
In entries 1–4 the reactions were carried out under a nitrogen
Figure 1. Symmetric heterocyclic diarylalkyne ligands synthesized using the
copper-free one-pot Sonogashira-type coupling and their respective Co4L6
metal-organic cages.
Scheme 2. Development of the copper-free one-pot synthesis of ligand 1a
from 5a: proof-of-principle for the use of TBAF as a deprotection reagent
and activator in a 2 step synthesis (black route); yield and reaction time
improvements through a one-pot approach and reaction optimization (blue
route).
Table 1. Initial one-pot Sonogashira-type experiments for the preparation
of 1a from 5a.[a]
Entry TMSA (eq.) Reaction Vessel Yield[c] [%]
1 0.5 RBF 40
2 1 RBF 35
3 0.5 PT 40
4 1 PT 53
5[b] 1 PT 54
[a] Reaction conditions: 1 eq. 5a (723 μmol), 5 mol% Pd(PPh3)2Cl2, 6 eq. 1 M
TBAF in THF (not degassed), N2 atmosphere. RBF= round bottom flask,
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atmosphere without degassing the TBAF solution in THF before
addition to the reagents. Degassing of the TBAF solution by
bubbling nitrogen was unnecessary as a similar yield was
obtained when this additional step was performed (Table 1,
entry 5).
In an effort to optimize the yield further, various palladium
catalysts were screened (Table 2). Compared to Pd(PPh3)2Cl2
(Table 2, entry 1), the catalysts Pd(OAc)2 (Table 2, entry 2) and
Pd(dppf)Cl2 (Table 2, entry 3) gave lower yields. However, the
reaction with Pd(PPh3)4 (Table 2, entry 4) gave the product in an
improved yield of 62%. As a precaution, the TBAF solution for
this reaction was degassed due to the oxygen sensitivity of the
catalyst.[17]
Further experiments were carried out to investigate if the
reaction parameters (time, temperature, catalytic loading, aryl
halide reactivity) can be reduced without significantly impact-
ing the yield (Table 3). With a 1 hour instead of a 3 hour
reaction time, ligand 1a was still isolated in good yield and no
starting material was recovered (Table 3, entry 2). However,
reducing the reaction time further to 30 min led to a significant
decrease in the yield, and 40% of the starting material was
recovered (Table 3, entry 3). Heating the reaction was necessary
since the coupling did not take place at room temperature and
98% of the starting material was recovered, even with a longer
reaction time of 20 hours (Table 3, entry 4). Although a ten-fold
lower catalytic loading of 0.5 mol% still gave 1a in 32% yield,
the reaction was not complete within 3 hours since 41% of the
starting material was recovered (Table 3, entry 5). Given the
short reaction time with aryl bromide 1a, the one-pot
procedure was also extended to the less reactive aryl chloride
5d (SI, Section S2.1.2) but no product was obtained
(Scheme S2).
Through the development and optimization of the copper-
free one-pot procedure, ligand 1a can now be prepared both
more efficiently and without the formation of Glaser by-
products. Li and co-authors proposed a mechanism for TBAF
promoted cross-couplings[15b] and we propose a similar mecha-
nism for the one-pot procedure. Compared to the previous 3
step synthesis of ligand 1a with a total reaction time over
40 hours,[16a,b,18] this one-pot procedure gives the ligand after a
significantly reduced overall reaction time of 3 hours. Although
a shorter reaction time is possible, 3 hours was chosen for
subsequent experiments to ensure full consumption of the
starting material.
Furthermore, the overall isolated ligand yield has been
significantly improved from 35% for the shortened 2 step
synthesis (black route, Scheme 2) and 40% yield in initial one-
pot experiments to 62% yield following optimization (blue
route, Scheme 2). Although no starting material was observed
in the 1H NMR spectra of crude reaction mixtures, the yield of
each step in the one-pot procedure is not quantitative and
product losses are also attributed to purification steps. The
optimized yield of 62% corresponds to an average yield of 85%
for each of the 3 steps (Scheme 1). Finally, the scalability of the
procedure was investigated by increasing the reaction scale
ten-fold to 1.7 g of 1a. A similar isolated yield of 60% was
obtained following a chromatography-free purification
(Scheme 2).
Having optimized the one-pot conditions for the synthesis
of 1a, we extended the reaction scope to the related ligands
1b, 1c, and 2a based on 6-methyl-2,2’-bipyridine and benzimi-
dazole coordination motifs, respectively (Figure 1). Ligand 1b
was synthesized in a comparable yield to 1a (Table 4, entry 1),
whereas 1c was obtained in a lower yield even with a longer
reaction time of 24 h (Table 4, entry 2), attributed to a steric
clash of the methyl substituent in close proximity to the cross-
coupling site (Scheme 3).
The synthesis of NH-benzimidazole 2a was attempted using
the same conditions (Scheme 4), however, only starting material
was recovered (Table 4, entry 3). We proposed deprotonation of
the imidazole under the basic conditions prevented the
coupling taking place and therefore, the NH was substituted
with a methyl (6b) or benzyl (6c) group (Scheme 4). Indeed,
ligands 2b (Table 4, entry 4) and 2c (Table 4, entry 5) were
isolated in good to excellent yields.[19] Finally, ligands 1b,c and
Table 2. Catalyst screening of one-pot Sonogashira-type experiments for
the preparation of 1a from 5a.[a]
Entry Pd catalyst Temp. [°C] Time [h] Yield[c] [%]
1 Pd(PPh3)2Cl2 70 3 53
2 Pd(OAc)2 70 3 13
3 Pd(dppf)Cl2 70 3 40
4[b] Pd(PPh3)4 70 3 62
[a] Reaction conditions: 1 eq. 5a (723 μmol), 1 eq. TMSA, 5 mol% Pd
catalyst, 6 eq. non-degassed 1 M TBAF in THF, pressure tube, N2
atmosphere. [b] Degassed 1 M TBAF in THF. [c] Isolated yield after column
chromatography.
Table 3. Catalyst loading, temperature and reaction time screening of
one-pot Sonogashira-type experiments for the preparation of 1a from 5a.[a]
Entry Pd cat. [mol%] Temp. [°C] Time [h] Yield[b] [%]
1 5 70 3 62
2 5 70 1 50
3 5 70 0.5 23 (40)[c]
4 5 rt 20 0 (98)[c]
5 0.5 70 3 32 (41)[c]
[a] Reaction conditions: 1 eq. 5a (723 μmol), Pd(PPh3)4, 1 eq. TMSA, 6 eq.
degassed 1 M TBAF in THF, pressure tube, N2 atmosphere. [b] Isolated yield
after column chromatography. [c] Recovered 5a.
Table 4. One-pot Sonogashira-type experiments for the preparation of
1b,c and 2a–c from the respective Ar  Br derivatives.[a]
Entry Ar  Br Ligand Time [h] Yield [%]
1 5b 1b 3 58[b]
2 5c 1c 24 32[b]
3 6a 2a 3 –
4 6b 2b 3 92[c]
5 6c 2c 3 70[c]
[a] Reaction conditions: 1 eq. Ar  Br (723 μmol), 5 mol% Pd(PPh3)4, 1 eq.
TMSA, 6 eq. degassed 1 M TBAF in THF, 70 °C, pressure tube, N2
atmosphere. [b] Isolated yield after column chromatography. [c] Product
precipitated from the reaction mixture.
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2b,c synthesised from the one-pot procedure were used for the
self-assembly of Co4L6 cages 3b,c and 4a,b (Figures S55–81).
Conclusion
In summary, we have reported a copper-free one-pot Sonoga-
shira-type procedure for the preparation of symmetric hetero-
cyclic diarylalkynes. We have applied this method to the
synthesis of ligands 1a–c and 2b–c, which can be used to self-
assemble a series of novel metal-organic cages 3b–c and 4a–b.
This procedure has the following advantages: reduction of a 3
step synthesis to 1 step; good to excellent isolated yields (32–
92%) for a one-pot synthesis; short reaction times of typically
3 hours; scalability; copper-free conditions preventing the
formation of Glaser side-products; commonly used reagents
that are commercially available and relatively inexpensive.
This one-pot procedure now enables rapid access to
symmetric diarylalkynes ligands directly from aryl halide
substrates both on a small and large scale. This reduces the
synthetic burden for scale-up as well as incorporating additional
functionality for applications. Libraries of ligands could also be
generated for high-throughput screening of self-assembly
conditions enabling the discovery of new cages. Given the
application of symmetric diarylalkynes in numerous fields, this
straightforward copper-free one-pot procedure could also be
extended to other carbocyclic and heterocyclic aryl halide
substrates and allow scale-up for applications.
Experimental Section
Material and Methods. Solvents and reagents were commercially
obtained and used without further purification. Anhydrous tetrahy-
drofuran was dried using a Pure Solv MD-5 apparatus from
Innovative Technologies. Tetrabutylammonium fluoride (1 M in
tetrahydrofuran) for use in reactions with Pd(PPh3)4 was degassed
by bubbling nitrogen through the solution for 24 h ensuring
solvent evaporation did not affect the reagent’s concentration.
Pd(PPh3)4 was stored under a nitrogen atmosphere due to its air
sensitivity. Pressure tubes (15 mL) were purchased from FengTecEx
GmbH and as a precaution, the reactions using pressure tubes were
performed behind a blast shield.
For thin-layer chromatography, Macherey Nagel plates (Polygram®-
SIL G/UV254, coating thickness 0.2 mm) equipped with a
fluorescence indicator were used. Silica gel with a pore diameter of
0.040–0.063 mm was purchased from Merck. For flash chromatog-
raphy Biotage® SNAP Ultra columns (10 g, 25 g, 50 g) and Biotage®
Sfär Silica HC D columns (10 g, 25 g) were used on an Isolera One
from Biotage®.
Synthetic Procedures. Compound 6 was prepared according to a
literature procedure[5f] and the synthesis of ligands 1a–c, 2b–c and
their precursors 5a–c, 6a–c are detailed below. Procedures for the
preparation and characterization of metal-organic cages 3a–c and
4a–b are provided in the Supplementary Information.
5-Bromo-2,2’-bipyridine (5a): Adapted from literature procedure.[5h]
Under a nitrogen atmosphere 2-iodo-5-bromopyridine (2.00 g,
7.04 mmol) and Pd(PPh3)4 (408 mg, 5 mol%) were dissolved in a
solution of 2-pyridylzinc(II) bromide (0.5 M in tetrahydrofuran,
14.0 mL, 7.00 mmol). The reaction mixture was heated at 75 °C for
20 h. After cooling to room temperature, sat. ethylenediaminetetra-
acetic acid (20 mL) and sat. sodium bicarbonate solution (20 mL)
were added and the reaction mixture was stirred at room temper-
ature for another 2 h. The aqueous layer was extracted with
dichloromethane (3×150 mL), the organic layers were combined,
dried over magnesium sulfate and filtered. The solvent was
removed in vacuo. The crude product was purified by flash
chromatography (silica gel, 5–15% ethyl acetate/cyclohexane) and
the product was obtained as a yellowish solid (1.19 g, 5.06 mmol,
72%). The analytical data was consistent with literature data:[20] 1H
NMR (500 MHz, CDCl3, 298 K, TMS) δ (ppm): 8.72 (d,
4J=2.4 Hz, 1H,
Hj), 8.67 (ddd,
3J=4.8 Hz, 4J=1.8 Hz, 5J=0.8 Hz, 1H, Ha), 8.38 (dt,
3J=7.8 Hz, 4J=1.0 Hz, 1H, Hd), 8.33 (d,
3J=8.5 Hz, 1H, Hg), 7.94 (dd,
3J=8.5 Hz, 4J=2.4 Hz, 1H, Hh), 7.83 (td,
3J=7.8 Hz, 4J=1.8 Hz, 1H,
Hc), 7.33 (ddd,
3J=7.8 Hz, 3J=4.8 Hz, 4J=1.2 Hz, 1H, Hb).
13C NMR
(126 MHz, CDCl3, 298 K, TMS) δ (ppm): 155.1 (Ce), 154.5 (Cf), 150.2
Scheme 3. Synthesis of 6-methyl-2,2’-bipyridine-based ligands 1b and 1c via
the copper-free one-pot procedure.
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(Cj), 149.2 (Ca), 139.5 (Ch), 137.1 (Cc), 124.0 (Cb), 122.4 (Cg), 121.2 (Ci),






81Br1N2). FT-IR: ~v=2360.2 (w), 2248.9 (w), 1586.2 (w), 1570.3
(w), 1542.1 (m), 1496.9 (w), 1458.4 (s), 1433.5 (m), 1370.6 (w), 1243.1
(w), 1145.3 (w), 1090.0 (w), 1061.1 (w), 1021.9 (m), 992.5 (w), 927.9
(w), 905.9 (w), 858.2 (m), 797.3 (s), 749.6 (s), 648.9 (w), 620.4 (w),
593.8 (w), 564.0 (w) cm  1. M. p.: 76 °C.
Large Scale Synthesis of 5-Bromo-2,2’-bipyridine (5a): Under a
nitrogen atmosphere 2-iodo-5-bromopyridine (7.10 g, 25.0 mmol)
and Pd(PPh3)4 (1.44 g, 5 mol%) were dissolved in a solution of 2-
pyridylzinc(II) bromide (0.5 M in tetrahydrofuran, 50.0 mL,
25.0 mmol). The reaction mixture was heated at 75 °C for 48 h. After
cooling to room temperature, sat. ethylenediaminetetraacetic acid
(150 mL) and sat. sodium bicarbonate solution (150 mL) was added
and the reaction mixture was stirred at room temperature for
another 24 h. The aqueous layer was extracted with dichloro-
methane (3×150 mL), the organic layers were combined, dried over
magnesium sulfate, and filtered. The solvent was removed in vacuo.
The crude product was purified by flash chromatography (silica gel,
5–15% ethyl acetate/cyclohexane) and the product was obtained
as a yellowish solid (4.19 g, 17.8 mmol, 71%).
5-Chloro-2,2’-bipyridine (5d): Under a nitrogen atmosphere 2-
bromo-5-chloropyridine (577 mg, 3.00 mmol) and Pd(PPh3)4
(173 mg, 5 mol%) were dissolved in a solution of 2-pyridylzinc(II)
bromide (0.5 M in tetrahydrofuran, 6.0 mL, 3.00 mmol). The reaction
mixture was heated at 75 °C for 18 h. After cooling to room
temperature, sat. ethylenediaminetetraacetic acid (40 mL) and sat.
sodium bicarbonate solution (40 mL) were added and the reaction
mixture was stirred at room temperature for another 2 h. The
aqueous layer was extracted with dichloromethane (3×100 mL),
the organic layers were combined, dried over magnesium sulfate,
and filtered. The solvent was removed in vacuo. The crude product
was purified by flash chromatography (silica gel, 5–15% ethyl
acetate/cyclohexane) and the product was obtained as a colourless
solid (276 mg, 1.45 mmol, 48%): 1H NMR (600 MHz, CDCl3, 298 K,
TMS) δ (ppm): 8.66 (unres. ddd, 3J=4.7 Hz, 1H, Ha), 8.61 (d,
4J=
2.2 Hz, 1H, Hj), 8.37 (d,
3J=8.5 Hz, 1H, Hg), 8.36 (d,
3J=7.8 Hz, 1H,
Hd), 7.81 (td,
3J=7.8 Hz, 4J=1.7 Hz, 1H, Hc), 7.78 (dd,
3J=8.5 Hz, 4J=
2.2 Hz, 1H, Hh), 7.32 (ddd,
3J=7.8 Hz, 3J=4.7 Hz, 4J=0.9 Hz, 1H, Hb).
13C NMR (151 MHz, CDCl3, 298 K, TMS) δ (ppm): 155.1 (Ce), 154.3 (Cf),
149.2 (Ca), 148.0 (Cj), 137.0 (Cc), 136.7 (Ch), 132.4 (Ci), 124.0 (Cb), 121.9
(Cg), 121.0 (Cd). HRMS (ESI) m/z: 191.03689 [M+H]
+ (calculated:
191.03705 for C10H8N2Cl). M. p.: 76 °C.
1,2-Di([2’,2’’-bipyridin]-5’-yl)ethyne (1a): The analytical data from
the various reactions was consistent with literature data.[16b,c]
Procedure for the Optimised One-Pot Reaction in a Pressure
Tube: 5-Bromo-2,2’-bipyridine (5a) (170 mg, 723 μmol) and Pd-
(PPh3)4 (41.8 mg, 5 mol%) were added to a pressure tube and
evacuated for five minutes. Using counterflow technique, degassed
tetrabutylammonium fluoride (1 M in tetrahydrofuran, 4.30 mL,
4.30 mmol) and trimethylsilylacetylene (100 μL, 723 μmol) were
added. The pressure tube was immediately closed and the reaction
mixture was heated at 70 °C for 3 h. After cooling to room
temperature, the mixture was washed with water (50 mL) and the
aqueous layer was extracted with dichloromethane (3×33 mL). The
organic layers were combined, dried over magnesium sulfate and
the solvent removed in vacuo. The crude product was purified by
flash chromatography (silica gel, 10–20% ethyl acetate/
cyclohexane) to give the product as a colourless solid (74.9 mg,
224 μmol, 62%): H NMR (500 MHz, CDCl3, 298 K, TMS) δ (ppm): 8.85
(dd, 4J=2.2 Hz, 5J=0.8 Hz, 2H, Hj), 8.71 (ddd,
3J=4.8, 4J=1.8 Hz,
5J=0.8 Hz, 2H, Ha), 8.47–8.45 (m, 2H, Hg), 8.45–8.43 (m, 2H, Hd), 7.99
(dd, 3J=8.3 Hz, 4J=2.2 Hz, 2H, Hh), 7.85 (td,
3J=7.7 Hz, 4J=1.8, 2H,
Hc), 7.34 (ddd,
3J=7.7 Hz, 3J=4.8 Hz, 4J=1.2 Hz, 2H, Hb).
13C NMR
(126 MHz, CDCl3, 298 K, TMS) δ (ppm): 155.3 (Ce), 155.2 (Cf), 151.7
(Cj), 149.2 (Ca), 139.5 (Ch), 137.1 (Cc), 124.1 (Cb), 121.5 (Cd), 120.5 (Cg),
119.7 (Ci), 90.5 (Ck). HRMS (EI, 70 eV) m/z: 334.12117 [M]+
(calculated: 334.12185 for C22H14N4). FT-IR: ~v=2360.2 (w), 2248.9
(w), 1586.2 (w), 1570.3 (w), 1542.1 (m), 1496.9 (w), 1458.4 (s), 1433.5
(m), 1370.6 (w), 1243.1 (w), 1145.3 (w), 1090.0 (w), 1061.1 (w),
1021.9 (m), 992.5 (w), 927.9 (w), 905.9 (w), 858.2 (m), 797.3 (s), 749.6
(s), 648.9 (w), 620.4 (w), 593.8 (w), 564.0 (w) cm  1. M. p.: 228 °C.
Large Scale Procedure for the Optimised One-Pot Reaction in a
Pressure Tube: 5-Bromo-2,2’-bipyridine (5a) (1.70 g, 7.23 mmol)
and Pd(PPh3)4 (418 mg, 5 mol%) were added to a pressure tube and
evacuated for five minutes. Using counterflow technique, degassed
tetrabutylammonium fluoride (1 M in tetrahydrofuran, 43.0 mL,
43.0 mmol) and trimethylsilylacetylene (1.00 mL, 7.23 mmol) were
added. The pressure tube was immediately closed and the reaction
mixture was heated at 70 °C for 3 h. After cooling to room
temperature, the precipitate was collected by filtration and was
dissolved in dichloromethane (100 mL) and the organic layer was
extracted with hydrochloric acid (3×30 mL, 6 M). The layers were
separated and the pH value of the aqueous layer was adjusted to 7
with 25% ammonia solution and the precipitate was collected
(720 mg, 2.15 mmol, 60%).
Procedure for the Coupling of 6and 5a in a Round-Bottom Flask:
Under a nitrogen atmosphere 5-bromo-2,2’-bipyridine (5a)
(85.1 mg, 362 μmol), 5-ethynyl-2,2’-bipyridine (6) (65.2 mg,
362 μmol) and Pd(PPh3)2Cl2 (25.4 mg, 10 mol%, to have the same
amount of palladium catalyst as the one-pot conditions) were
added to a three-neck flask. Tetrabutylammonium fluoride (1 M in
tetrahydrofuran, 4.30 mL, 4.30 mmol) was added and the reaction
mixture heated at 70 °C for 3 h. After cooling to room temperature
water was added, the mixture was extracted with dichloromethane
(3×33 mL), dried over magnesium sulfate and the solvent was
removed in vacuo. The crude product was purified by flash
chromatography (silica gel, 10–20% ethyl acetate/cyclohexane) to
give 1a as colorless solid (66.3 mg,198 μmol, 55%).
5-Bromo-6’-methyl-2,2’-bipyridine (5b): Under a nitrogen atmos-
phere 2-bromo-6-methylpyridine (1.42 g, 8.25 mmol) was sus-
pended in anhydrous tetrahydrofuran (20 mL). The solution was
degassed three times using the freeze-pump-thaw technique.
Afterwards, the solution was cooled to   78 °C, n-butyllithium
(2.5 M in hexane, 3.90 mL, 9.75 mmol) was slowly added and the
mixture was stirred at   78 °C for 1 h. Zinc(II) chloride (1 M in
tetrahydrofuran, 1.31 g, 9.60 mL, 9.63 mmol) was added and the
solution was stirred at   78 °C for 2 h. At this temperature, 2-iodo-5-
bromopyridine (1.95 g, 6.87 mmol) and Pd(PPh3)4 (398 mg, 5 mol%)
were added and the reaction mixture was stirred at 75 °C for 18 h.
After cooling to room temperature, sat. ethylenediaminetetraacetic
acid (50 mL) and sat. sodium bicarbonate solution (50 mL) were
added and the mixture was stirred for further 2 h. The layers were
separated, the aqueous layer were extracted with dichloromethane
(3×100 mL), the organic layers were combined, dried over
magnesium sulfate and the solvent was removed in vacuo. The
crude product was purified by flash chromatography (silica gel,
10% ethyl acetate/cyclohexane) to obtain the product as a colour-
less solid (1.21 g, 4.86 mmol, 71%): 1H NMR (500 MHz, CDCl3, 298 K,
TMS) δ (ppm): 8.70 (dd, 4J=2.4 Hz, 5J=0.6 Hz, 1H, Hk), 8.33 (dd,
3J=
8.4 Hz, 5J=0.6 Hz, 1H, Hh), 8.15 (d,
3J=7.8 Hz, 1H, He), 7.92 (dd,
3J=
8.4 Hz, 4J=2.4 Hz, 1H, Hi), 7.70 (t,
3J=7.8 Hz, 1H, Hd), 7.18 (d,
3J=
7.8 Hz, 1H, Hc), 2.63 (s, 3H, Ha).
13C NMR (126 MHz, CDCl3, 298 K,
TMS) δ (ppm): 158.1 (Cb), 155.0 (Cg), 154.6 (Cf), 150.1 (Ck), 139.4 (Ci),
137.2 (Cd), 123.6 (Cc), 122.5 (Ch), 120.9 (Cj), 118.0 (Ce), 24.6 (Ca). HRMS
(EI, 70 eV) m/z: 247.99469 [M]+ (calculated: 247.99491 for
C11H9
79Br1N2), 249.99278 [M]
+ (calculated: 249.99286 for
C11H9
81Br1N2). FT-IR: ~v=2920.3 (w), 2307.9 (w), 1751.1 (w), 1593.9
Full Papers
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(w), 1566.3 (m), 1547.9 (m), 1448.8 (m), 1366.0 (m), 1285.2 (w),
1247.9 (w), 1154.9 (w), 1124.8 (w), 1082.1 (m), 1003.4 (s), 927.5 (w),
870.0 (w), 848.3 (s), 789.6 (s), 752.9 (s), 738.3 (m), 696.4 (w), 656.1
(w), 631.8 (m), 595.1 (m), 540.9 (w), 513.3 (w) cm  1. M. p.: 91 °C.
1,2-Di([6’’-methyl-2’,2’’-bipyridin]-5’-yl)ethyne (1b): 5-Bromo-6’-
methyl-2,2’-bipyridine (5b) (180 mg, 723 μmol) and Pd(PPh3)4
(41.8 mg, 5 mol%) were added to a pressure tube and evacuated
for five minutes. Using counterflow technique, degassed tetrabuty-
lammonium fluoride (1 M in tetrahydrofuran, 4.30 mL, 4.30 mmol)
and trimethylsilylacetylene (100 μL, 723 μmol) were added, the
pressure tube was immediately closed and the reaction mixture
was heated at 70 °C for 3 h. Upon cooling, the product precipitated
and the precipitate was filtered and was washed with cold
tetrahydrofuran (10 mL). The precipitate was dissolved in dichloro-
methane (10 mL) and the organic layer was extracted with
hydrochloric acid (3×10 mL, 6 M). The layers were separated and
the pH value of the aqueous layer was adjusted to 7 with 25%
ammonia solution and the precipitate was collected (75.3 mg,
208 μmol, 58%): 1H NMR (500 MHz, CDCl3, 298 K, TMS) δ (ppm):
8.84 (dd, 4J=2.1 Hz, 5J=0.8 Hz, 2H, Hk), 8.48 (d,
3J=8.2 Hz, 2H, Hh),
8.23 (d, 3J=7.8 Hz, 2H, He), 7.96 (dd,
3J=8.2 Hz, 4J=2.1 Hz, 2H, Hi),
7.73 (t, 3J=7.8 Hz, 2H, Hd), 7.19 (d,
3J=7.8 Hz, 2H, Hc), 2.65 (s, 6H,
Ha).
13C NMR (126 MHz, CDCl3, 298 K, TMS) δ (ppm): 158.1 (Cb), 155.5
(Cg), 154.7 (Cf), 151.7 (Ck), 139.4 (Ci), 137.3 (Cd), 123.7 (Cc), 120.5 (Ch),
119.5 (Cj), 118.5 (Ce), 90.4 (Cl), 24.6 (Ca). HRMS (EI, 70 eV) m/z:
362.15253 [M]+ (calculated: 362.15315 for C24H18N4). FT-IR: v˜=
2920.9 (w), 2359.9 (w), 1738.9 (w), 1589.9 (m), 1568.0 (w), 1545.6
(m), 1487.1 (w), 1453.3 (m), 1372.2 (m), 1244.7 (w), 1157.0 (w),
1133.6 (w), 1082.9 (m), 1022.9 (w), 997.9 (w), 983.9 (w), 926.3 (w),
901.3 (w), 861.9 (s), 846.3 (w), 799.3 (s), 754.9 (s), 693.6 (m), 644.1
(m), 598.3 (m), 553.1 (w), 517.0 (w) cm  1. M. p.: 227 °C.
5-Bromo-6-methyl-2,2’-bipyridine (5c): Under a nitrogen atmos-
phere 2-bromopyridine (390 μL, 3.90 mmol) was suspended in
anhydrous tetrahydrofuran (12 mL). The solution was degassed
using the freeze-pump-thaw technique. Afterwards, the solution
was cooled to   78 °C, n-butyllithium (2.5 M in hexane, 1.90 mL,
4.75 mmol) was slowly added and the mixture was stirred at   78 °C
for 1 h. Zinc(II) chloride (1 M in tetrahydrofuran, 681 mg,
5.00 mmol) was added and the solution was further stirred at
  78 °C for 2 h. At   78 °C, 3,6-dibromo-2-methylpyridine (1.00 g,
3.90 mmol) and Pd(PPh3)4 (230 mg, 5 mol%) were added and the
reaction mixture was stirred at 75 °C for 19 h. After cooling to room
temperature, sat. ethylenediaminetetraacetic acid (25 mL) and sat.
sodium bicarbonate solution (25 mL) were added and the mixture
was stirred for further 1.5 h. The layers were separated, the aqueous
layer was extracted with dichloromethane (3×50 mL), the organic
layers were combined, dried over magnesium sulfate and the
solvent was removed in vacuo. The crude product was purified by
flash chromatography (silica gel, 5% ethyl acetate/cyclohexane) to
obtain the product as a colourless solid (714 mg, 2.87 mmol, 74%):
1H NMR (500 MHz, CDCl3, 298 K, TMS) δ (ppm): 8.66 (ddd,
3J=
4.8 Hz, 4J=1.8 Hz, 5J=0.9 Hz, 1H, Ha), 8.40 (dt,
3J=7.8 Hz, 5J=
0.9 Hz, 1H, Hd), 8.10 (d,
3J=8.3 Hz, 1H, Hg), 7.91 (d,
3J=8.3 Hz, 1H,
Hh), 7.81 (td,
3J=7.8 Hz, 4J=1.8 Hz, 1H, Hc), 7.31 (ddd,
3J=7.8 Hz,
3J=4.8 Hz, 4J=1.2 Hz, 1H, Hb), 2.74 (s, 3H, Hk).
13C NMR (126 MHz,
CDCl3, 298 K, TMS) δ (ppm): 156.6 (Cj), 155.5 (Ce), 154.2 (Cf), 149.1
(Ca), 140.6 (Ch), 137.0 (Cc), 123.8 (Cb), 121.8 (Ci), 121.1 (Cd), 119.9 (Cg),





81Br1N2). FT-IR: ~v=2923.9 (w), 2853.05 (w), 1571.8 (w),
1554.9 (m), 1419.5 (s), 1382.5 (w), 1246.8 (m), 1095.6 (m), 1029.7 (s),
996.0 (w), 977.6 (w), 845.7 (s), 789.8 (s), 741.6 (s), 733.0 (s), 718.3 (m),
620.2 (m) cm  1. M. p.: 88 °C.
1,2-Di([6’-methyl-2’,2’’-bipyridin]-5’-yl)ethyne (1c): 5-Bromo-6-
methyl-2,2’-bipyridine (5c) (180 mg, 723 μmol) and Pd(PPh3)4
(41.8 mg, 5 mol%) were added to a pressure tube and evacuated
for five minutes. Using counterflow technique, degassed tetrabuty-
lammonium fluoride (1 M in tetrahydrofuran, 4.3 mL, 4.30 mmol)
and trimethylsilylacetylene (100 μL, 723 μmol) were added, the
pressure tube immediately closed and the reaction mixture stirred
at 70 °C for 24 h. After cooling to room temperature, the precipitate
was collected by filtration, dissolved in tetrahydrofuran (200 mL)
and the solvent removed in vacuo. The crude product was purified
by flash chromatography (silica gel, 20–40% ethyl acetate/
cyclohexane) to obtain the product as a colourless solid (42.3 mg,
117 μmol, 32%): 1H NMR (500 MHz, CDCl3, 298 K, TMS) δ (ppm):
8.69 (d, 3J=4.9 Hz, 4J=1.8 Hz, 5J=0.9 Hz, 2H, Ha), 8.47 (ddd,
3J=
7.9 Hz, 4J=1.2 Hz, 5J=0.9 Hz, 2H, Hd), 8.27 (d,
3J=8.1 Hz, 2H, Hg),
7.92 (d, 3J=8.1 Hz, 2H, Hh), 7.83 (td,
3J=7.9 Hz, 4J=1.8 Hz, 2H, Hc),
7.31 (ddd, 3J=7.9 Hz, 3J=4.9 Hz, 4J=1.2 Hz, 2H, Hb), 2.87 (s, 6H, Hk).
13C NMR (126 MHz, CDCl3, 298 K) δ (ppm): 159.7 (Ci), 155.7 (Ce),
154.5 (Cf), 149.3 (Ca), 139.9 (Ch), 136.9 (Cc), 124.0 (Cb), 121.4 (Cd),
118.9 (Cj), 118.1 (Cg), 93.7 (Cl), 24.1 (Ck). HRMS (EI, 70 eV) m/z:
362.15271 [M]+ (calculated: 362.15315 for C24H18N4). FT-IR: ~v=
2987.4 (w), 2252.5 (w), 1572.1 (w), 1546.4 (w), 1450.5 (m), 1433.8
(m), 1393.1 (w), 1246.0 (w), 1094.7 (w), 1044.0 (w), 993.5 (w), 848.8
(m), 794.5 (s), 747.9 (s), 718.1 (w), 615.1 (m) cm  1. M. p.: 218 °C.
2-(5’-Bromopyridin-2’-yl)-1H-benzo[d]imidazole (6a): In a three-
neck flask polyphosphoric acid (40 mL) was added and was
preheated to 140 °C. o-Phenylenediamine (1.34 g, 12.4 mmol) and
5-bromopicolinic acid (2.50 g, 12.4 mmol) were added and the
reaction mixture was heated at 180 °C for 24 h. The mixture was
cooled to 140 °C, poured into water (200 mL) and neutralised to
pH 7 with ammonia solution (25%). The precipitate was collected
by filtration and, after intensive drying in vacuo, the product was
obtained as a colourless solid (2.96 g, 10.8 mmol, 87%). The
analytical data was consistent with literature data:[21] 1H NMR
(500 MHz, DMSO-d6, 298 K δ (ppm): 13.2 (s, 1H, Ha), 8.86 (dd,
4J=
2.3 Hz, 5J=0.8 Hz, 1H, Hm), 8.26 (dd,
3J=8.5 Hz, 5J=0.8 Hz, 1H, Hj),
8.23 (dd, 3J=8.5 Hz, 4J=2.3 Hz, 1H, Hk), 7.71 (d,
3J=7.8 Hz, 1H, Hc/f),
7.54 (d, 3J=7.8 Hz, 1H, Hc/f), 7.29–7.18 (m, 2H, Hd,e).
13C NMR
(126 MHz, DMSO-d6, 298 K) δ (ppm): 150.0 (Cm), 149.7 (Ch), 147.2 (Ci),
143.7 (Cb/g), 140.1 (Ck), 134.9 (Cb/g), 123.3 (Cd/e), 122.9 (Cj), 122.0 (Cd/e),
120.9 (Cl), 119.3 (Cc/f), 112.0 (Cc/f). HRMS (EI, 70 eV) m/z: 272.98975
[M]+ (calculated: 272.99016 for C12H8
79Br1N3), 274.98788 [M]
+
(calculated: 274.98811 for C12H8
81Br1N3). FT-IR: ~v=3386 (m), 3049
(w), 1422 (s), 1005 (s) cm  1. M. p.: 227 °C.
2-(5’-Bromopyridin-2’-yl)-1-methyl-1H-benzo[d]imidazole (6b): 2-
(5’-Bromopyridin-2’-yl)-1H-benzo[d]imidazole (6a) (1.60 g,
5.84 mmol) and potassium carbonate (milled, 2.50 g, 18.1 mmol)
were dissolved in dimethylformamide (25 mL). Methyl iodide
(500 μL, 8.03 mmol) was added and the reaction mixture was stirred
at room temperature for 17 h. Water (100 mL) was added and the
aqueous layer extracted with ethyl acetate (3×50 mL). The organic
layers were combined, washed with brine (150 mL) and sodium
hydroxide solution (10%, 100 mL), dried over magnesium sulfate
and the solvent was removed in vacuo. The product was obtained
as a greyish solid (1.33 g, 4.62 mmol, 79%). The analytical data was
consistent with literature data:[22] 1H NMR (600 MHz, DMSO-d6,
298 K) δ (ppm): 8.88 (unres. dd, 1H, Hm), 8.29–8.23 (m, 2H, Hj,k), 7.73
(d, 3J=8.1 Hz, 1H, Hf), 7.66 (d,
3J=8.1 Hz, 1H, Hc), 7.35 (t,
3J=7.6 Hz,
1H, Hd), 7.29 (t,
3J=7.6 Hz, 1H, He), 4.21 (s, 3H, Ha).
13C NMR
(151 MHz, DMSO-d6, 298 K) δ (ppm): 149.6 (Cm), 148.8 (Ch), 148.7 (Ci),
142.0 (Cb), 140.1 (Ck), 137.2 (Cg), 126.0 (Cj), 123.4 (Cd), 122.5 (Ce),
120.9 (Cl), 119.5 (Cf), 110.9 (Cc), 32.7 (Ca). MS (EI, 70 eV) m/z: 288.01
(100) [M]+. HRMS (ESI) m/z: 288.01275 [M+H]+ (calculated:
288.01309 for C13H11N3Br). FT-IR: ~v=3041 (w), 1434 (m), 1004 (m),
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imidazole (6b) (208 mg, 722 μmol) and Pd(PPh3)4 (41.8 mg, 5 mol%)
were added to a pressure tube and evacuated for five minutes.
Using counterflow technique, degassed tetrabutylammonium
fluoride (1 M in tetrahydrofuran, 4.30 mL, 4.30 mmol) and trimeth-
ylsilylacetylene (100 μL, 723 μmol) were added, the tube was
immediately closed and the reaction mixture was heated at 70 °C
for 3 h. The product precipitated, was filtered and washed with cold
tetrahydrofuran (100 mL). The product was obtained as a yellow to
green solid (112 mg, 254 μmol, 70%): 1H NMR (600 MHz, CDCl3,
298 K) δ (ppm): 8.87 (d, 4J=1.9 Hz, 2H, Hm), 8.48 (d,
3J=8.2 Hz, 2H,
Hj), 8.00 (dd,
3J=8.2 Hz, 4J=1.9 Hz, 2H, Hk), 7.85 (d,
3J=7.8 Hz, 2H,
Hf), 7.47 (d,
3J=7.8 Hz, 2H, Hc), 7.39–7.32 (m, 4H, Hd, e), 4.32 (s, 6H,
Ha).
13C NMR (126 MHz, CDCl3, 298 K) δ (ppm): 151.1 (Cm), 149.8 (Ci),
149.4 (Cl), 142.6 (Cg), 139.2 (Ck), 137.4 (Cb), 124.0 (Cj), 123.7 (Cd/e),
122.9 (Cd/e), 120.2 (Cf), 119.5 (Ch), 110.0(Cc), 90.7 (Cn), 32.9 (Ca). HRMS
(EI, 70 eV) m/z: 440.17491 [M]+ (calculated: 440.17494 for C28H20N6).
FT-IR: ~v=3050 (w), 1466 (m), 725 (s) cm  1. M. p.: decomposed at
>220 °C.
2-(5’-Bromopyridin-2’-yl)-1-benzyl-1H-benzo[d]imidazole (6c): 2-
(5’-Bromopyridin-2’-yl)-1H-benzo[d]imidazole (6a) (614 mg,
2.24 mmol) and potassium carbonate (milled, 496 mg, 3.59 mmol)
were dissolved in dry dimethylformamide (5 mL). Benzyl bromide
(350 μL, 2.94 mmol) was added and the reaction mixture stirred at
room temperature for 4.5 h. The solvent was removed in vacuo
(55 °C, 20 mbar). Water (50 mL) was added and the aqueous layer
was extracted with ethyl acetate (1×50 mL). The organic layers
were combined, washed with brine (2×125 mL) and sodium
hydroxide solution (10%, 1×50 mL), dried over magnesium sulfate
and the solvent was removed in vacuo. The product was obtained
as a greyish solid (663 mg, 1.82 mmol, 81%): 1H NMR (600 MHz,
DMSO-d6, 298 K) δ (ppm): 8.82 (dd,
4J=2.3 Hz, 5J=0.6 Hz, 1H, Hq),
8.32 (dd, 3J=8.6 Hz, 5J=0.6 Hz, 1H, Hn), 8.25 (dd,
3J=8.6 Hz, 4J=
2.3 Hz, 1H, Ho), 7.78–7.74 (m, 1H, Hi), 7.61–7.57 (m, 1H, Hh), 7.32–7.26
(m, 2H, Hg,j), 7.26–7.22 (m, 2H, Hb), 7.20–7.17 (m, 1H, Ha), 7.14–7.11
(m, 2H, Hc), 6.17 (s, 2H, He).
13C NMR (151 MHz, DMSO-d6, 298 K) δ
(ppm): 149.6 (Cq), 148.6 (Cl), 148.4 (Cm), 142.2 (Cc), 140.3 (Co), 137.7
(Cd), 136.6 (Ck), 128.6 (Cb), 127.3 (Ca), 126.7 (Cc), 126.0 (Cn), 123.8 (Cj/g
), 122.9 (Cj/g), 121.2 (Cp), 119.8 (Ci), 111.5 (Ch), 48.1 (Ce). MS (EI, 70 eV)
m/z: 364.02 (100) [M]+. HRMS (ESI) m/z: 364.04380 [M+H]+
(calculated: 364.04439 for C19H15N3Br). FT-IR: ~v=3252.9 (w), 2158.9
(w), 1572.4 (w), 1496.22 (w), 1434.8 (m), 1407.8 (m), 1328.6 (m),
1291.5 (w), 1259.3 (w), 1236.2 (m), 1157.5 (m), 1089.5 (m), 1009.8
(m), 977.5 (w), 923.7 (w), 845.9 (m), 778.1 (w), 763.1 (m), 736.7 (s),
717.9 (s), 692.8 (m), 641.8 (w) cm  1. M. p.: 131 °C.
1,2-Di(6’’-(1’-benzyl-1H-benzo[d]imidazol-2’-yl)pyridin-3’’-yl)
ethyne (2c): 2-(5’-Bromopyridin-2’-yl)-1-benzyl-1H-benzo[d]
imidazole (6c) (263 mg, 722 μmol) and Pd(PPh3)4 (41.8 mg, 5 mol%)
were added to a pressure tube and evacuated for five minutes.
Using counterflow technique, degassed tetrabutylammonium
fluoride (1 M in tetrahydrofuran, 4.30 mL, 4.30 mmol) and trimeth-
ylsilylacetylene (100 μL, 723 μmol) were added, the tube was
immediately closed and the reaction mixture was heated at 70 °C
for 3 h. The product precipitated, was filtered and washed with cold
tetrahydrofuran (1×200 mL). The product was obtained as a neon
green solid (196 mg, 331 μmol, 92%): 1H NMR (500 MHz, TFA-d1,
298 K) δ (ppm): 9.42 (dd, 4J=2.0 Hz, 5J=0.8 Hz, 2H, Hq), 8.65 (dd,
3J=8.2 Hz, 4J=2.0 Hz, 2H, Ho), 8.41 (dd,
3J=8.2 Hz, 5J=0.8 Hz, 2H,
Hn), 8.21 (d,
3J=7.8 Hz, 2H, Hj), 8.09–8.00 (m, 6H, Hg,h,i), 7.64–7.59 (m,
4H, Ha,b), 7.45–7.40 (m, 2H, Hc), 6.18 (s, 4H, He).
13C NMR (126 MHz,
TFA-d1, 298 K) δ (ppm): 154.8 (Cq), 147.1 (Cl), 145.3 (Co), 141.6 (Cm),
135.6 (Cf), 134.5 (Cd), 132.6 (Ck), 132.0 (Ca/b), 131.9 (Ca/b), 131.7 (Ch/i),
131.2 (Ch/i), 128.8 (Cn), 128.6 (Cc), 126.8 (Cp), 117.0 (Cj), 115.6 (Cg),
93.4 (Cr), 52.8 (Ce). HRMS (EI, 70 eV) m/z: 592.23610 [M]
+ (calculated:
592.23754 for C40H28N6). FT-IR: ~v=1972.9 (w), 1592.1 (w), 1519.5 (w),
1495.9 (w), 1465.8 (m), 1442.3 (m), 1405.5 (m), (w), 1368.3 (m),
1330.4 (m), 1296.8 (s), 1240.1 (w), 1166.5 (w), 1069.5 (w), 853.7 (m),
743.2 (s), 726.1 (s), 452.3 (m) cm  1. M. p.: >300 °C.
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